Lysophosphatidic acid (LPA) 4 is a biologically active lysophospholipid that mediates a plethora of cellular effects, including cell survival, proliferation, migration, and induction of cytokines and growth factors. Signaling by LPA is mediated through LPA 1 , LPA 2 , and LPA 3 , which are members of a family of G protein-coupled receptors (1) (2) (3) . LPA stimulates proliferation in many types of cells. Since the initial report by van Corven et al. (4) , a growing body of work describes the effect of LPA on cell proliferation. LPA stimulates proliferation of many cell types, including fibroblasts, breast cancer cells, mesangial cells, vascular smooth muscle cells, neuronal cells and others (5) (6) (7) (8) (9) (10) . However, in some cases, LPA has a negative effect on cell growth. For example, LPA inhibits the proliferation of myeloma (5) . In mesangial cells, LPA shows a positive effect to cell growth at micromolar concentrations but inhibits cell proliferation at a higher concentration (7) . The mechanisms underlying the proliferative effect by LPA are diverse, and in many cases the mitogenic effects of LPA are mediated through multiple pathways that work independently. Activation of the extracellular signalregulated kinases 1 and 2 (ERK1/2), protein kinase C (PKC), the phosphoinositide 3 kinase-Akt pathway, hydrolysis of phosphoinositide, Ca 2ϩ mobilization, and activation of RhoA mediated by both pertussis toxin (PTX)-sensitive and -insensitive pathways have all been involved (5, (11) (12) (13) (14) .
The adenomatous polyposis coli (APC) gene is an important tumor suppressor for colorectal cancer and is mutated in 80% of colorectal cancer (15, 16) . The Wnt/␤-catenin pathway is activated upon binding of Wnt to a member of the Frizzled family of seven transmembrane receptors. In the absence of Wnt, the cytoplasmic level of ␤-catenin is kept low via a multiprotein complex consisting of APC, axin, and the glycogen synthase kinase 3␤ (GSK-3␤). GSK-3␤ phosphorylates ␤-catenin, directing it to degradation by proteosome (17) . When activated, ␤-catenin accumulates in the nucleus where it binds to the transcription factors, T-cell factor, and lymphoid enhancerbinding protein, leading to transcriptional activation of multiple target genes, such as c-myc and cyclin D (17, 18) . Recently, work by Yang et al. (12) showed that LPA can activate the ␤-catenin pathway leading to nuclear translocation of ␤-catenin. This work defines another entry point to the Wnt/␤-catenin pathway and adds a new dimension to the biological effects by LPA. However, the majority of colon cancer cells have mutations that result in inactivation of APC or activation of ␤-catenin and, hence, it is expected that ␤-catenin is constitutively activated in these cells. Therefore, it remains to be determined whether LPA can further activate the ␤-catenin pathway in these cells.
Krüppel is a zinc finger-containing transcription factor that is responsible for segmentation of the Drosophila melanogaster embryo (19 -21) . In mammals, there are at least 16 Krüppel-like factors (KLFs) that exhibit homology to Kruppel from Drosophila (22) . In the intestine, two KLFs, KLF4 and KLF5, are highly expressed (23) . KLF4 expression is enriched in differentiated enterocytes found in the upper villus region, whereas KLF5 is found mainly in the proliferating crypt cell population where it positively regulates cell proliferation (24 -26) . Despite the effect of LPA on proliferation of many types of cells, the mechanism of LPA-mediated proliferation is not fully elucidated and led us to hypothesize that KLF5 might be required for LPAmediated signaling.
In this work, we report that LPA stimulates the expression level of KLF5 in colon cancer cells. LPA-mediated induction of KLF5 is observed in intestinal cells regardless of the mutational status of APC and KLF5 plays a crucial role in LPA-induced proliferation of colon cancer cells. Furthermore, we found that LPA induces KLF5 via pathways dependent on MEK1/2, PKC, and eukaryotic elongation factor 2 kinase (eEF2k).
EXPERIMENTAL PROCEDURES
Materials-1-Oleoyl LPA (18:1 LPA) and sphingosine 1-phosphate (S1P) were obtained from Avanti Polar Lipids. All antibodies were from Cell Signaling. LY290042, U0126, GF109203X, rotterlin, trifluoperazine, and rapamycin were from Calbiochem. All kinase inhibitors were added to the culture medium 10 min before the addition of LPA. PTX was added 14 h before LPA treatment. The concentrations used are as follow: GF109203X at 5 M, rottlerin at 10 M, LY294002 at 50 M, SB203580 at 5 M, U0126 at 10 M, rapamycin at 100 nM, U73122 at 5 M, AG1478 at 250 nM, PTX at 50 ng/ml, trifluoperazine at 3 M, and calmidazolium at 6 M. Stock solutions were prepared in dimethyl sulfoxide at a 1,000ϫ concentration with respect to the working concentrations indicated above and dimethyl sulfoxide alone was added to control cells. All other chemicals were obtained from Sigma.
Cell Culture-SW480 cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 100 g/ml streptomycin, and 100 units/ml penicillin at 37°C in 95% air, 5% CO 2 atmosphere as previously described (27) . For Caco-2 cells, RPMI 1640 was replaced with Dulbecco's modified Eagle's medium supplemented with 0.5% non-essential amino acids. HCT116 cells were maintained in McCoy's 5A medium supplemented with 10% FBS, 100 g/ml streptomycin, and 100 units/ml penicillin at 37°C in 95% air, 5% CO 2 . IEC6 cells were obtained from the Emory Digestive Disease Research Development Center and cultured at 37°C in 95% air, 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 5% FBS, 0.1 unit/ml insulin, 50 g/ml streptomycin, and 50 units/ml penicillin. All the cells were serum starved 24 h before LPA treatment in their appropriate media without FBS.
Northern Blot Analysis-Total RNA from intestinal cells was isolated using TRIzol (Invitrogen). Thirty g of total RNA for each sample was hybridized with [␣-
32 P]dATP-labeled fulllength mouse KLF5 cDNA probe (28) 3 , PKC␣, and eEF2k were from Dharmacon. siRNA targeting KLF5 or PKC␦ was purchased from Invitrogen and Upstate, respectively. As a control, a scrambled 21-nucleotide RNA duplex was used. Cells seeded at 60% confluence on 60-mm culture plates were transfected with 40 nM siRNA using Lipofectamine 2000 (Invitrogen). Twenty-four h after transfection, cells were serum deprived for 16 -24 h and then treated with LPA or carrier. The efficacy of gene silencing of LPA 2 and LPA 3 was determined by reverse transcriptase-PCR using a primer set specific for LPA 2 and LPA 3 , respectively (30) . Expression of KLF5, PKC, and eEF2k was determined by Western blot.
Luciferase Assay-The promoter of KLF5 was previously described (31) . HCT116 cells were transfected with pGL3 harboring KLF5 promoter (32) . A Renilla luciferase control vector was co-transfected to normalize the transfection efficiency. Cell lysis and reporter assay were performed 2 days after the transfection with the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
Fluorescence-activated Cell Sorter Analysis-Cell cycle analysis was performed as previously described (33) . Cells were rinsed twice in phosphate-buffered saline (PBS), treated with trypsin, and resuspended in their corresponding medium containing 10% FBS. Cells were then collected by centrifugation, washed with PBS, collected again by centrifugation, resuspended in 70% ethanol, and fixed at Ϫ20°C overnight. Cells were pelleted once again by centrifugation and resuspended in a solution containing 50 g/ml propidium iodide, 50 g/ml RNase A, 0.1% Triton X-100, and 0.1 mM EDTA at room temperature for 30 min. Flow cytometry was performed on a FACSCalibur cytometer (BD Biosciences).
Cell Proliferation-Cells were seeded at 20,000 cells/well in a 24-well plate. Cells were serum starved 24 h and maintained in Dulbecco's modified Eagle's medium, 0.1% FBS supplemented with either 0.1% bovine serum albumin/PBS or 0.1-10 M LPA in 0.1% bovine serum albumin/PBS for up 3 days. On the day of cell counting, cells were trypsinized and the number of cells was counted by using a hemacytometer.
Nuclear Extraction-SW480 and HCT cells were serum starved for 24 h followed by exposure to LPA. Nuclear proteins were isolated using NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Pierce).
Western Immunoblot-Cells were rinsed three times with ice-cold PBS buffer, and lysed in lysis buffer composed of 10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 10% glycerol, 2 mM sodium orthovanadate, 10 mM sodium fluoride, 20 mM sodium pyrophosphate, 25 mM ␤-glycerophosphate, 1% Triton X-100, and protease inhibitors. The lysates were cleared by centrifugation at 14,000 ϫ g at 4°C for 10 min. Protein concentration was determined by the bicinchoninic acid assay (Sigma). The equal amount of lysate in 2ϫ Laemmli sample buffer was resolved by 10% SDS-PAGE, and Western immunoblot analysis was performed as previously described (30) . The amount of KLF5 protein was determined using polyclonal anti-KLF5 antibody generated against amino acids 106 -122 of the mouse KLF5 (24) . The expression level of KLF5 was normalized against the expression levels of ␤-actin. Densitometric analyses were performed using ImageJ (Scion Corp). Statistical significance was assessed by one-way analysis of variance using Origin software (OriginLab). Data are presented as the mean Ϯ S.E.
RESULTS
LPA Induces KLF5 Expression-Previous studies have shown that LPA promotes proliferation of colon cancer cells, such as DLD1 and HCT116 (12, 34) . Similarly, we found that LPA stimulated the rate of proliferation of human colon cancer Caco-2 and SW480 cells in a concentration-dependent manner (Fig. 1) .
It has recently been reported that LPA-mediated signaling activates ␤-catenin in HCT116 and LS174T cells, which express wild type APC gene, and a decrease in ␤-catenin expression attenuates LPA-mediated proliferation of HCT116 cells (12) . The APC gene is the most commonly mutated gene in colorectal cancer with the mutations resulting in deregulation of ␤-catenin activity (35) . To determine whether LPA can also activate ␤-catenin in colon cancer cells with the mutated APC gene, we examined nuclear translocation of ␤-catenin in SW480 cells. As shown in Fig. 2 , LPA treatment of serumstarved SW480 cells did not induce the nuclear translocation of ␤-catenin. In contrast, LPA treatment resulted in an increase in ␤-catenin expression in nuclear fractions in HCT116 cells, which have the wild type APC gene, consistent with a previous report (12) . These data suggest that an alternative pathway(s) is responsible for the proliferation of SW480 and others, in which the APC gene is mutated.
KLF5 is a transcription factor highly expressed in epithelial cells in the proliferating compartment of the gastrointestinal tract (24) , but whether KLF5 plays a role in LPA-mediated proliferation has not been studied. To test this, we first determined whether LPA induces KLF5 gene expression. Fig. 3A shows that LPA treatment led to an increase in the KLF5 mRNA level in Caco-2 and SW480 cells within 1-2 h of treatment, which was sustained for at least 24 h. The induction of KLF5 mRNA by LPA was not limited to cancer cells but also observed in the nontransformed rat intestinal cell line IEC-6 as well. We next determined the levels of the KLF5 protein. In SW480, Caco-2, and IEC6 cells LPA treatment resulted in a sustained increase in KLF5 protein level in these cells following 2-4 h treatment (Fig.  3B ). It is noteworthy that the increase at 2 h was not always observed but the increase much more consistently occurred after 4 h of treatment. Interestingly, LPA also induced the expression level of KLF5 protein in HCT116 cells, in which LPA induced nuclear translocation of ␤-catenin (Fig. 2) . The induction of KLF5 was maximal at 10 M LPA, whereas submaximal activation was observed at 0.1-1.0 M LPA (data not shown).
To further substantiate the increase in KLF5 expression by LPA, a luciferase reporter driven by a KLF5 promoter was transiently transfected in SW480 or HCT116 cells for the reporter gene assay (31) . Exposure of SW480 cells to LPA for 2 h had a minimal effect on promoter activity (Fig. 3C ), as we observed that a similar treatment resulted in an inconsistent increase in KLF5 protein level (Fig. 3B ). In contrast, there was a significant increase at 4 h, which further increased after 7 h of treatment. Similarly, LPA treatment of HCT116 stimulated the luciferase activity by 85% at 3 h and 152% at 5 h (Fig. 3D) . As a control, 4 h incubation with 100 nM phorbol 12-myristate 13-acetate (PMA), a known agonist of KLF5 expression (26) , resulted in an increase in the KLF5 promoter activity in both cell lines (Fig. 3, D 
-E).
A previous report showed that another lysophospholipid S1P induces KLF5 expression (36) . Hence, we next compared the induction of KLF5 expression by LPA and S1P. As shown in Fig.  3E , S1P did not show a significant effect on the expression level of KLF5 in SW480 cells (upper panel). On the other hand, we observed an increase in KLF5 expression in HCT116 cells (lower panel) treated with S1P, but the effect of S1P was relatively smaller and was short lived compared with LPA.
Induction of KLF5 Is Important for LPA-mediated Proliferation-Previous findings that KLF5 positively regulates cell proliferation led us to hypothesize that KLF5 may be a mediator of LPA-mediated cell proliferation (26, (37) (38) (39) . Because many colon cancer cells such as Caco-2 and SW480 have high basal levels of KLF5 expression, we examined the role of KLF5 via silencing of the KLF5 gene using siRNA. Fig. 4A shows that KLF5 siRNA decreased KLF5 expression by ϳ90% compared with control siRNA-transfected SW480 cells (Fig. 4A) . Despite the knockdown, LPA treatment led to an increase in KLF5 expression in siKLF5-treated cells. Silencing of the KLF5 gene resulted in a significant decrease in LPA-induced proliferation of SW480 cells (Fig.  4B) . Similarly, knockdown of KLF5 decreased the rate of LPAmediated proliferation of HCT116 cells (Fig. 4C) . However, LPA treatment resulted in a significant increase in cell numbers in siKLF5-treated cells compared with untreated cells, which may be attributed to the small induction of KLF5 observed in these cells (Fig. 4A) .
To further understand the role of KLF5, we performed cell-cycle analysis on cells treated with siKLF5 or control siRNA. Following LPA treatment for 72 h, the population of cells in S phase is almost 2-fold greater in control cells compared with siKLF5-treated cells (15.55 versus 8.29%). These data indicate that the induction of KLF5 is important for LPA-mediated proliferation of colon cancer cells and it stimulates cell proliferation by promoting G 1 /S transition.
LPA 2 and LPA 3 Receptor Mediate LPA-induced KLF5 Induction-We previously reported that colon cancer cells, such as SW480 and HCT116, overexpress LPA 2 (30) . At the same time, LPA 1 expression was significantly decreased in these cells compared with normal colon epithelial cells (30) . We next sought to determine which LPA receptors, LPA 2 or LPA 3 , are responsible for the induction of KLF5. We omitted LPA 1 based on the previous finding that the level of LPA 1 in these cells is low (30) . LPA 2 and LPA 3 expression in HCT116 cells was blocked using siRNA specific for LPA 2 or LPA 3 . Silencing of either LPA 2 or LPA 3 markedly decreased activation of ERK 1 and 2 in these cells. Similarly, the induction of KLF5 by LPA was abrogated by knockdown of either LPA 2 or LPA 3 and when combined a greater inhibition was achieved (Fig. 5) .
Induction of KLF5 Is Dependent on PKC␦ and MEK1/2-A myriad of signaling pathways regulates LPA-mediated cell proliferation. Earlier studies have indicated involvement of ERK1/2, the phosphoinositide 3-kinase-Akt cascade, and in some cases the p38 group of protein kinases. To determine the signal transduction pathway involved in the induction of KLF5, we used pharmaceutical inhibitors specific against these protein kinases. The specific G␣ i/o inhibitor PTX, the phosphoinositide 3-kinase inhibitor LY290042, the p38 inhibitor SB203580, the phospholipase C␤ inhibitor U37122, and the epidermal growth factor (EGF) receptor inhibitor AG1478 did not block the induction of KLF5 in SW480 and HCT116 cells , and IEC6 cells were treated with 10 M LPA for 0 -24 h. Total RNA was isolated and the expression of KLF5 mRNA was detected by Northern blot hybridization using mouse KLF5 cDNA as probe. The amount of KLF5 mRNA was normalized to the expression levels of phosphoprotein 36B4 as a loading control (n ϭ 3). B, serum-starved Caco-2, SW480, HCT116, and IEC6 cells were treated with 10 M LPA for 0 -24 h. 30 g of whole cell lysates were resolved by SDS-PAGE and the amount of KLF5 protein was determined by Western blot using polyclonal anti-KLF5 antibody. Membranes were stripped and probed with an antibody against ␤-actin as a loading control. Representative Western blots from four separate experiments are shown. C, SW480 cells were transiently transfected with pGL3 harboring KLF5 promoter, pGL-KLF5P, or pGL3. A Renilla luciferase control vector was co-transfected to normalize the transfection efficiency. 24 h post-transfection, cells were serum deprived for 24 h followed by treatment with LPA for the indicated times. As a control, PMA (P) was used as a positive agonist of the KLF5 promoter. Cell lysis and reporter assay were performed with Dual Luciferase Reporter Assay System. Three separate independent experiments were performed with at least 3 samples per condition. Results presented are mean Ϯ S.E. *, p Ͻ 0.01 compared with untreated control. D, KLF5 promoter activity in HCT cells was determined as described above. *, p Ͻ 0.001. E, SW480 (upper panel) and HCT116 (lower panel) cells were treated with 10 M LPA or 1 M S1P. The amount of KLF5 protein was determined by Western blot as described earlier. Representatives of three independent experiments are shown. (Fig. 6, A and B) . On the other hand, the MEK1/2 inhibitor U0126 was able to partially block the effect of LPA on KLF5 protein expression in both SW480 and HCT116 cells (Fig. 6, C  and D) .
Previous studies have shown that LPA regulates PKC (12, 40) . Moreover, LPA induces interleukin-8 secretion via a PKC␦-dependent mechanism (41, 42) . We, therefore, examined whether PKC is involved in the activation of KLF5. SW480 cells were treated with LPA in the presence or absence of the broadspectrum PKC inhibitor GF109203X or the PKC␦-specific inhibitor rottlerin. GF109203X showed a modest inhibitory effect in both SW480 and HCT116 cells (Fig. 6, C and D) . Interestingly, when the cells were pretreated with both U0126 and GF109203X, the inhibitory effect on KLF5 was substantially greater than with each inhibitor in both cell lines. The effects of the inhibitors were confirmed by the KLF5 promoter reporter assay, which shows a significant decrease in the luciferase activity in the presence of U0126, GF109203X, or both (Fig. 6E) . This indicates that the effects of these inhibitors are additive. In addition to GF109203X, 10 M rottlerin drastically blocked the induction of KLF5 expression by LPA in SW480 cells and HCT116 cells (Fig. 7A) . The expression of KLF5 was partly recovered at 7 and 5 h in SW480 and HCT116, respectively, but we did not observe such a recovery when 20 M rottlerin was used (data not shown). Consistently, the inhibitory effect of rottlerin was observed in Caco-2 cells as well.
To confirm the specificity of rottlerin, PKC␦ and PKC␣ expression was decreased by means of siRNA. The siRNA constructs specifically silenced the expression of either PKC␦ or PKC␣ without affecting the other isoform. However, as shown in Fig. 7B , knockdown of PKC␦ (ϳ85%) in HCT116 cells resulted in an ϳ50% decrease in KLF5 expression by LPA, whereas knockdown of PKC␣ showed no effect. A similar result was observed in SW480 cells (data not shown). The PKC␣/␤ inhibitor Gö6976 (Fig. 7C) did not affect the induction of KLF5 protein expression by LPA, confirming the lack of an effect by PKC␣ siRNA.
Induction of KLF5 Is eEF2k-dependent-Knockdown of PKC␦ as shown above confirms a role of PKC␦ in regulation of KLF5 expression. However, the extent of the effect by knockdown of PKC␦ expression was comparatively smaller than the effect by rottlerin. Although the remaining ϳ15% of PKC␦ protein may be responsible for the regulation of KLF5 expression, rottlerin may be acting on an another target. Rottlerin binds to eEF2k, also known as calmodulin (CaM)-and Ca 2ϩ -dependent kinase III, in addition to PKC␦ (43, 44) . The activity of eEF2k is dependent on CaM and Ca 2ϩ and phosphorylation of eEF2k leads to the inactivation of eEF2k and subsequent dephosphorylation of eEF2 (45) . Hence, we next examined the potential involvement of eEF2k by using an inhibitor to CaM, trifluoperazine. As shown in Fig. 8 , trifluoperazine, a phenothiazine, abrogated the induction of KLF5 expression in SW480 and HCT116 cells. For an unknown reason trifluoperazine raised the basal KLF5 expression level in HCT116 cells, but when the basal level was taken into account, it is evident that trifluoperazine effectively abrogated the induction of KLF5 by LPA (Fig.  8B) . Because trifluoperazine is known to block calcium transporting proteins (46), we also tested another CaM antagonist, calmidazolium chloride. Similarly to trifluoroperazine, calmidazolium effectively blocked LPA-mediated induction of KLF5 expression in both SW480 and HCT116 cells (Fig. 8) .
Next, we examined whether LPA treatment regulates phosphorylation levels of eEF2. Fig. 8C shows that LPA treatment resulted in a significant decrease in the level of eEF2 phosphorylation, which facilitates translation of mRNA. The presence of rottlerin completely abrogated the effect of LPA on eEF2 phosphorylation. The preincubation with rottlerin increased the basal phosphorylation level of eEF2k without affecting the protein expression. The reason for this effect is not known but rottlerin conceivably inhibits the basal activity of eEK2k. Our data in Fig. 6 showed that the induction of KLF5 is sensitive to inhibition by U0126. To explore the contribution of MEK1/2 on regulation of eEF2k, the phosphorylation level of eEF2 was determined in the presence of U0126 (Fig. 8D) . U0126 significantly blocked the activation of eEF2 by LPA. On the other hand, GF109203X showed a marginal effect on eEF2 phosphorylation compared with control.
eEF2k is a known downstream target of the rapamycin-sensitive pathway involving the mammalian target of rapamycin (mTOR). However, we found that LPA-mediated induction of KLF5 was not blocked by rapamycin (Fig. 8E) , suggesting that KLF5 induction is either mediated by the rapamycin-insensitive mTOR pathway or independent of mTOR.
The role of eEF2k was further substantiated by silencing of eEF2k expression by siRNA. siRNA targeting of eEF2k decreased the expression level of eEF2k by ϳ55% compared with control siRNA-transfected or untransfected cells (Fig. 9 ). More importantly, LPA-mediated KLF5 induction was decreased in cells treated with eEF2k siRNA. However, the decrease in KLF5 induction by eEF2k knockdown was not complete but was about 25%. On the contrary, the induction of KLF5 by PMA or FBS was unaffected by the knockdown of eEF2k, indicating that the regulation of KLF5 via eEF2k is specific to LPA.
DISCUSSION
In adult intestine, the stem cell located at the base of the crypt continuously divide to generate epithelial cells, which migrate toward the tip of adjacent villi where the cells become differentiated and assume absorptive functions. To date, only a limited number of genes have been implicated in regulating the growth and differentiation of the intestinal epithelial cells. KLF5 is one such gene that plays a significant role in controlling cell proliferation in the intestine. KLF5 is predominantly expressed in the crypt compartment of intestine where cells rapidly replicate (23) . A body of study has shown that KLF5 is a mediator of cell proliferation. KLF5 stimulates cell growth of NIH3T3 and IEC6 cells (26, 37) . In NIH3T3 cells, KLF5 promotes and activates the cyclin B1/Cdc complex during mitosis and promotes transforming properties of oncogenic H-Ras (38, 39) . KLF5 expression is regulated by serum and phorbol ester (26) . In addition, KLF5 is also regulated by transcriptional regulators and nuclear receptors, such as retinoic acid receptor-␣, NF-B, and peroxisome proliferator-activated receptor ␥ (47) . In this study, we identified KLF5 as a downstream target of LPA-mediated signaling. The induction of KLF5 by LPA was observed in all the colon cancer cells studied. Silencing of KLF5 expression substantially inhibited the proliferative effect of LPA, indicating that KLF5 plays a functional role in LPA-mediated proliferation. Last, we provided evidence that LPA induces KLF5 through signaling cascades that depend on MEK1/2, PKC␦, and eEF2k.
LPA stimulates proliferation of many types of cells, including fibroblasts, breast cancer cells, mesangial cells, vascular smooth muscle cells, neuronal cells, and others (5-10). The pro-proliferative effects of LPA on intestinal cells have previously been demonstrated. LPA enhances the metastatic potential of the DLD1 cell by promoting cell proliferation and migration (34) . The proliferation of DLD1 cells is mediated by both LPA 1 and LPA 2 , but only LPA 1 is capable of enhancing migration. On the other hand, both LPA 2 and LPA 3 , but not LPA 1 , promote the proliferation in HCT116 and LS174T cells via inactivation of GSK-3␤ and nuclear translocation of ␤-catenin (12) . In this work, we show that both LPA 2 and LPA 3 stimulate the expression of KLF5. We did not investigate the role of LPA 1 in induction of KLF5 under an assumption that any contribution by LPA 1 will be minor based on the low expression level of LPA 1 . It appears that the roles of LPA 2 and LPA 3 in regulation of KLF5 expression are redundant as knockdown of either LPA 2 or LPA 3 each attenuated the induction of KLF5 expression by more than 50%. In keeping with redundancy of these LPA receptors, knockdown of LPA 2 or LPA 3 equally had a drastic effect on LPA-mediated proliferation of HCT116 cells (12) .
The APC gene is the most commonly mutated gene in colorectal cancer with the mutations resulting in loss of the regulation of ␤-catenin activity (35) . Unlike HCT116 and LS174T cells, the APC gene is mutated in SW480 and Caco-2 cells and we found that LPA did not stimulate the nuclear localization of ␤-catenin in SW480 cells. Our data showed that LPA specifically enhanced the expression of KLF5 in SW480 and Caco-2 cells and knockdown of KLF5 expression by siRNA significantly attenuated LPA-mediated proliferation. However, the induction of KLF5 is not limited to cells with mutated APC gene. In both nontransformed intestinal IEC6 and HCT116 colon cancer cells with wild type ␤-catenin, LPA stimulated KLF5 expression. Therefore, our data should not be taken to suggest that the LPA-␤-catenin pathway and the LPA-KLF5 pathway are mutually exclusive. It is possible that KLF5 induction is dependent on ␤-catenin translocation. However, the following evidence does not favor this possibility. First, LPA does not induce translocation of ␤-catenin in SW480 cells in which the APC gene is mutated. Second, although both KLF5 and ␤-catenin can be stimulated in response to Wnt-1, the activation of KLF-5 by Wnt-1 takes places via a non-canonical Wnt pathway and is independent of ␤-catenin (32). Third, inhibition of GSK-3 did not alter the magnitude of KLF5 induction.
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KLF5 expression can be stimulated by a number of stimuli, including PMA and FBS (26, 32) . In addition, a previous study has shown that in H-Ras-transformed cells, KLF5 is up-regulated via H-Ras-activated MAPK (38) . In the present study, LPA-mediated induction of KLF5 was not sensitive to the presence of PTX, LY294002, and U73122. The lack of an effect by these inhibitors is similar to the activation of ␤-catenin by LPA (12) , although the activation of ␤-catenin and KLF5 appears to be independent as discussed earlier. Studies have shown that LPA transactivates the EGF receptor in various cell types and that EGF activates KLF5 mRNA expression in primary esopha-5 H. Zhang and C. C. Yun, unpublished data. geal cells (48 -50) . However, the presence of the EGF receptor inhibitor, AG1478, did not block the induction of KLF5 expression by LPA (Fig. 6) , indicating that transactivation of the EGF receptor by LPA does not play a significant role in LPA-mediated induction of KLF5. LPA has been shown to activate MAPKs (51, 52) , but inhibition of p38 MAPK had no effect on induction of KLF5, whereas blocking MEK1/2 with U0126 partially attenuated KLF5 induction. In addition, GF109203X moderately blocked LPA-mediated induction of KLF5. Multiple PKCs have been shown to regulate the Raf-MEK-Erk cascade (53), and we observed that GF109203X significantly attenuated LPA-mediated phosphorylation of ERK1/2 in SW480 cells (data not shown). However, the presence of U0126 completely abrogated phosphorylation of ERK1/2 and yet the effects of GF109203X and U0126 on KLF5 expression were additive in this study, as evidenced by both Western blot and the promoter activity (Figs. 7 and 8) . Therefore, the effect of GF109203X is unlikely ERK1/2-dependent.
We assumed that the effect of rottlerin was solely mediated via PKC␦ based on the broad usage of rottlerin as a specific inhibitor of PKC␦ and a previous study that LPA-mediated secretion of interleukin-8 was blocked by a dominant negative form of PKC␦ (54) . However, the partial of effect by silencing of PKC␦ expression suggested the presence of an additional target(s) by rottlerin. Despite its wide usage as a PKC␦-specific inhibitor, rottlerin also binds eEF2k with a similar affinity (5.3 M for eEF2k versus 3-6 M for PKC␦) (43) . The potential role of eEF2k in LPA-mediated induction of KLF5 is evidence by the inhibition of LPA-mediated KLF5 induction by CaM inhibitors, trifluoroperazine and calmidazolium. However, a caution on the results from the CaM inhibitors should be noted. Trifluoroperazine is known to block calcium transporting proteins at a higher dose (55) . A recent study (56) has shown that the commonly used membrane-permeable CaM inhibitors, such as W-7, trifluoroperazine, and calmidazolium, all bind significantly to the inner leaflet of the plasma membrane at approximately the same concentrations at which they are used to inhibit CaM in cells. Thus, the common assumption that using two chemically different inhibitors (e.g. trifluoroperazine and W-7) provides evidence that they are acting specifically on CaM is not warranted (56) . In addition, previous reports showed that eEF2k can be regulated via a Ca 2ϩ /CaM-independent pathway (57, 58) . Despite this limitation, LPA decreased the phosphorylation level of eEF2 in both HCT116 and SW480 cells, which is assumed to stimulate translation of mRNA (Fig. 8) . A further evidence for a role of eEF2k in regulation of KLF5 protein expression comes from the knockdown of eEF2k expression that attenuated the induction of KLF5 by LPA.
eEF2k is an unusual kinase. The sequence of its catalytic domain differs substantially from that of the main Ser-Thr-Tyr kinase superfamily (59) . eEF2K is a Ca 2ϩ /CaM-dependent protein kinase that phosphorylates and inactivates eEF2, an elongation factor that facilitates translocation of peptidyl t-RNA from the ribosomal A site to P site (60) . It has been shown that several protein kinases can phosphorylate eEF2k and the activity of eEF2k is altered by phosphorylation. These protein kinases include p70 S6k , p90 RSK , and stress-activated protein kinase/p38␦ (45, 61) . Phosphorylation at Ser-366 by p70 S6k (regulated via mTOR) and p90 RSK (activated by ERK) inhibits the enzyme activity of eEF2k (45) . On the other hand, the activation of AMP-activated protein kinase by myocardial ischemia stimulated the phosphorylation level of eEF2k and its activity independent of the mTOR pathway (62) . Activation of eEF2k phosphorylates eEF2, temporarily inhibiting translation (60) . Surprisingly, mice lacking eEF2k do not exhibit any phenotypic defect, indicating that eEF2k is not essential for development, behavior, or reproduction (62, 63) . Because eEF2k functions in regulation of the translation process, it seems plausible that all translational processes affecting KLF5 protein expression are gated through eEF2k and eEF2. However, it appears that eEF2k does not govern all translation of KLF5 mRNA based on our observation that knockdown of eEF2k specifically decreased LPA-mediated but not PMA-or FBS-mediated induction of KLF5.
The study using KLF5 ϩ/Ϫ mouse has revealed diverse roles in regulation of cellular differentiation and tissue development.
KLF5
Ϫ/Ϫ homozygotes die before embryonic day 8.5, but KLF5 ϩ/Ϫ mice are apparently normal and survive until adulthood (64) . However, the KLF5 ϩ/Ϫ mice have misshapen intestinal villi, consistent with in vitro studies that KLF5 positively regulates cell proliferation in the intestine. In addition, KLF5 ϩ/Ϫ mice show reduced cardiac hypertrophy and fibrosis in response to external stress, suggesting that KLF5 plays a critical role in cardiovascular remodeling (64) . Previous studies have shown that LPA stimulates protein synthesis and hypertropic cell growth in cultured neonate rat cardiac myocytes (65, 66) . Although the present study is not aimed at the effect of LPA in cardiomyocytes, it remains an intriguing possibility that KLF5 may be a mediator of LPA-induced effects in the cardiovascular system. Phospholipase A 2 family members play a key role in the metabolism of membrane lipids into lysophospholipids, which are used to generate arachidonic acids and prostaglandins (67) . Deletion of cytosolic phospholipase A 2 results in a drastic reduction in tumor number in APC Min/ϩ mice, suggesting a link between lipid metabolism and intestinal tumor formation (68) . However, a number of questions remain unanswered in regard to the role of LPA in the tumorigenesis of colon cancer. A recent study has shown that Caco-2 cells are capable of producing LPA and other phospholipids (69) , but whether LPA is produced in the gastrointestinal tract in vivo and whether LPA concentration is elevated in colorectal cancer as in ovarian or other gynecological cancers is not yet known.
In summary, we have identified KLF5 as an effector of LPAmediated signaling. KLF5 plays an important role in proliferation of colon cancer cells. LPA stimulates proliferation of colon cancer cells via induction of KLF5 and we have shown that the induction of KLF5 is mediated via MEK and PKC␦-dependent pathways. Our results also demonstrate for the first time that LPA regulates protein expression via regulation of eEF2k. 
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